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INTRODUCTION

Boltzmann's kinetic equation is unsuitable in conditions
in which, firstly, the characteristic dimensions of the in-
homogeneities are found to be comparable with the character-
istic impact parameters of pParticles taking part in collisions,
and secondly, in which during the characteristic time of
change of distribution of the particles the collision begun
does not have time to be pompletedl. The generalization of
Boltzmann's equations to the case of distinctly inhomogeneous
problems was given in the book by Chapman and Cowling2 for
the case of a gas of impenetrable spheres and in the book by
Bogoliubov3 for the construction of generalized Boltzmann's
equations for the arbitrary law of interaction of the parti-
cles of a gas,

The exposition below is devoted to the obtaining of a
kinetic equation for a gas of'particles with weak interaction
suitable for the description of rapidly variable pProcesses
and to certain of its applications,

An example of such a gas is a plasma in which the
particles interact in accordance with the Coulomb force law,
with a considerable contribution to the scattering of the
particles being made by long-range collisions, for which
interaction may be considered weak, As a result of the slow-

ness of the decrease of Coulomb forces the times during which

FOR CFFIGIAL GSE GRLY
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long-range collisions may occur lie within a broad interval

from
1 2 -3
T | 0~ ezmz(nT) ~ 10—8’1‘ 2
min
to
- 1
T ~ -_— u)—l ~ 10—51’1 2 .
max o o
hne n

Here T 1is the temperature and ng is the density of the
electrons in a unit of volume (mo is the Langmuir frequency).
In conditions in which the characteristic time of

the process T r satisfies the inequalities

min PYT max

. firstly, there is an extensive region (T . << T ),

: min process
in which not only the interaction may be considered weak,
but the interactions may be considered without regard to
a change of distribution in time, and, secondly, there is
also an extensive region (T << T ) in which the

process max

interactions change substantially. Actually in the latter
region, due to the rapid change of the distribution of the

particles, the collisions are suppressed and T
process

plays the role of the maximum time of collision. This fact
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is well known from the theory of the absorption of radio
waves in interplanetary gash.

Section 1 of the present communication is devoted to
the obtaining of a nonrelativistic kinetic equation for a
plasma, and § 2, correspondingly, to the obtaining of a
relativistic equation, which are suitable for the investi-
gation of rapidly variable processes. Finally, § 3
examines the application of the equation obtained in § 1

to the theory of the high-frequency dielectric permeability

of a plasma,

§ 1. Kinetic LEquation for Rapidly Variable Processes in
a Nonrelativistic Plasma,

Let us investigate a nonrelativistic plasma in a
constant and homogeneous magnetic field B and in an
electrical field £ y likewise homogeneous, but, generally
speaking, varying in time, The fact that the plasma is
nonrelativistic makes it possible for us to confine our-
selves to taking into account only the Coulomb interaction
of the particles of the plasma (UaB(;)= eaeB/r). In the
assumption that the interaction of the particles of the
plasma is weak we may write the following equations for
the distribution function of the particles of the a-type

., and for the correlation function Sap (cf. ref. 12):
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of of N of
2 4V =+ e (E + —[v B]) —= =
t [0 L ap
[¢8
. N - o aUaB(iru—rﬁl) agap(pu’pﬁ’ra’rg’t) (1.1)
2—-@- [dp dr = = .
v J7TBTTB or 3p,
B o
- ' d
{—9—+§:—9_;—- —g—-+e(L+—|'vB'_])—-_-,-+
ot *or v ir 0P,
o B
( |)
= - = o} o a "~ B 9 _ 0
+ eg(E + 2[vgB) —= }gaB . 2B (a“ e
apB 51:‘OL P, pB

(1.2)

The solution of equation (1.2) may be written in the form:

—

- - - _ - - ﬁ N t - ]
saa(pa,pa,ra,rg,t) = gaB(PaTto,t,pa], gltortspgs

t
ﬁa[to’t’ga’;a]’RB[to,t’pB,rB],tO) +‘j dt'
d T p ,r 1 - R N
{;:_ UaB(IRa[t"t’pa’ra] RB[t' ,PB,I“ ]I )}{BP [‘t' ,pa]
r

o

- 9 } £, (P ft,t! ,p 1, R [t,t! ,p ,r 1,t")

3P [t' t., pB]

fﬁ(ﬁ R t!), (1.3)

where
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B
The correlation function (1.3), on substitution in
equation (1.1) yields a kinetic equation suitable for the
investigation of rapidly variable processes., For steady-
state processes in formula (1.3) we may omit gaﬁ(to) and
assume to = =o» , Then the kinetic equation may be written
in the following form
af af af N ouU
a — 9_ -:; ;]_- — - o _ ! B J" - - aE - _-o
st T va'0~ + ea(E + c[van) = §A77 dedrB ari(ra rB)
Ta Py 3 a
t
d d o ' = = - B 1 o ot }
25 [ a5 0 AR Ter,6,8,,5,0 - Bylen,e,5,,5,1)
apa - ara

Ciede Wil :
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a o) - -
- '
£ (B, R ,t")

aﬁg[t',t,ﬁa] aﬁg[t',t,ﬁﬁ]

R ,t') (1.6)

Inasmuch as equation (1.6) is obtained in the assumption

that the electromagnetic field is spatially homogeneous, then,
strictly speaking, it is applicable only for spatially homo-
geneous distributions., Actually, the region of applicability
of this equation is broadér. In particular, the collision
integral of equation (1.6) may be utilized for the descrip-
tion of dissipation processes in the plasma if the self-
consistent field arising supplementally to the constant
electric and magnetic fields has a negligibly weak effect

on the collisions of the particles.

It should be said that equation (1,6) is unsuitable in
conditions when it is impossible to utilize the theory of
perturbations., This is the case in particular for sufficiently
small collision parameters, when the collision integral (1.6)
is logarithmically divergent, Keeping in view the inappli-
cability of our treatment for small collision parameters, in
integration with respect to the impact parameters integration

should be broken off at p Here the suspension of per-

min®

turbation theory begins at Puin =~ ez/nT. On the other

hand, the minimum value of the impact parameter may be deter-
mined by the inapplicability of classical mechanics, In

N'ﬁ/mv.

this case Pp_.
min
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The collision integral (1.6) does not take into
account the screening of the Coulomb interaction. There-
fore in integration in the right member of this equation
the integral for large impact parameters should be broken
off at Prhax = Tp » where Ty is the Debye radius, 1In
the case of slowly varying processes in the absence of a
magnetic field the right member of equation (1,6) is the
collision integral of Landaus. For rapidly variable
processes, whose charactefistic frequency of variation is
greater than the Langmuir frequency of the electrons,
breaking off on the part of the large impact parameters
occurs automatically., It is in these conditions that our

kinetic equation differs essentially from that proceeding

from the usual scheme of collisions of Boltzmann,

§ 2. Relativistic Kinetic Equation for Rapidly Variable
Processes

Above the kinetic equation was obtained for nonrela-
tivistic particles, describing processes varying perceptibly
during the time of collision., Here the corresponding kinetic
equation will be found for the case of relativistic parti-
cles. Let us note that in the relativistic case, for example,
in the propagation of an electromagnetic wave with a period
substantially smaller than the characteristic time of
collision there simultaneously arises a spatial inhomogeneity
of distribution substantially smaller in dimensions than the

Foee
ﬁL-. o M' .

T
BN S S
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characteristic impact parameter of the collision, 1t is
for this reason that the collision integral obtained below
is nonlocal both with respect to time and with respect to
coordinates.

Let us note that the relativistic collisjion integral
for distributions slowly varying in time and sharply vary-
ing in space was obtained in the study of Klimontovich .
For smooth distributions the corresponding collision inte-~
gral was obtained by Beliaev and Budker7 (see also ref., 6).
In the latter case the relativistic collision integral con-
tains a large logarithm arising from integration with
respect to the impact parameters L = En(pmax/p . ). Here

min

P ax is the Debye radius of screening (see also ref. 8).
Therefore the difference between the collision integral
obtained below and the usual collision integral7 will be
manifested under conditions in which, on the one hand, the
characteristic dimension of the inhomogeneity is not large
in comparison with the Debye radius, and on the other hand,
when the characteristic time of variation of the process is
smaller than pmax/v —-the time of collision with the impact
parameter PrLax®

In describing a system of charged particles, strictly
speaking, it is necessary to consider not only the particles,
but also the electromagnetic field. However, in order to

obtain a kinetic equation taking into account the collisions

of the particles of a gas with weak interaction one may

-4
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procecd more simply, Here it is expedient to single out
the self-consistent field which, as usual, is described
by Maxwell equations with the current and charge density
determined by the distribution function of the particles.
In order to find the force correlation resulting from
collisions let us utilize the expression for the force

acting on a particle « due to a particle B moving

uniformly,
F oG -2 . 3.3 - __dik_
la B(ra 1B, VO’VB) = 4neae61 [ (21)
exp(iﬁ,; - r ) . (v v ) . ﬁ,; -v )
2 --»-»a 2B -K il - a-?_E— + VB —'_-—E"p—-g.—- (2. ]—)
K -(KVB/C) c” c”

Then for the distribution function fa and the pair corre-
lation function gaB the following equations may be written

(cf. ref, 17):

—é—E- + V(x —=— + ea {b(ra) + —6 [VOLB(I‘OL)-]} - o=
dr op
o o
N g
= Tg [dp dr ~2B r (2,2)
s . B B Bq a,
B Pa
Tt Vo TSt Vg TSt ey (L(ra)+ E[vaB(ra)T —— +
dr or Ip
o B o
+ e (E’(; ) + [V, B(F )7 ~2— + T Losr, L Ye
B p7 T etV e | op B 3 Byo s Sap
B P, Opgq
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of
Xy Y Ny [dB ar (F g
a; /[, V Y a,y OE By +
B Y *
dg - g
BY Fy ——2BYy _ o (2.3)
dp, ! apB

kinetic equation it is necessary

for us to find the expression of the binary correlation

function determined by equation (2.3).

In the assumption

of weakness of interaction the latter may be substantially

simplified,

Firstly,

from a comparison of the different

terms of this equation it is clear that the binary corre-

lation function will be of an order of (U/T) in comparison

with £ £, ,

interaction to the kinetic energy.

where

U/T is

the ratio of the energy of

Therefore in equation

(2.2) we may disregard the terms

agaB

— 4

apa

ﬁa'a

6gaE

apB

F
Bya

Secondly, writing the corresponding equation for the ternary

correlation function it is easy to see that it will also be

of an order U/T

in comparison with

f . This makes
o« ®py

it possible in equation (2.3) to disregard the terms

N
L I ap_dr_ ( F
L Py®y \ o,y

Y

in comparison with the analogous

4. FE ;
iy Yo
E ?J vi LES o e Tat

3 G
C%apy g _Supy
3p % 5p
a 8
terms containing the
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binary correlation function, Thirdly, our assumption
concerning the possibility of describing scattering by

means of the force (1) may obtain only in conditions in

which the fields E and B are so small that they have

no effect on the trajectory of the particle during collision,
This assumption corresponds to the possibility of disregarding
the fields E and DB in equation (2.3)., As a result, for

the correlation function we may write the following equation:

af af
STtV — + v, — g + F ——— + F £ B =
(Ot a - B .- ) af o B B = B, ata S
a a a ' a
or of
Y n 04 - B
dp. dr F — + F —4 .
2 p dr, (F, o o3 &gy B,y 53 Sy (2.4)
Y o B

The right member of equation (2.4) is essential for screen-
ing of the Coulomb interaction in the case of slowly varying
processes. If, however, the distribution of the particles
varies substantially during a time that is small in compari-
son with the characteristic time corresponding to the screen-
ing of the Coulomb interaction, then the right member of
equation (2.4) need not be taken into account. In this case

the solution of equation (2.4) may be written in the form

- - - 0 - - - — - )
gag(ra'rﬁ’pa’pﬁ’t) = o(r.ﬁ) (ra-va(t-to),rB-vB(t—to),pa,pB,to)
t
[, Gt 00, B0 By L GrF a6 (0-035,,7)
t
(o]

FaR Grrigiat vz omy

‘UL Vnt.
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i
ov
AL B ey 2] o (R (kr-t) B, ) 4
aB ap arl posp P
p p B
(s, (£0=) g, t 1) ﬁ“,B(;a~;B+(;a—GB)(t'-t),;a,;B)
ov — —_
-—f’:— - —= (t'-1t) —9-—1- fa(ra+va(t'—t);pa,t')} (2.5)
ap ap or
¢4 (64 (04

Formula (2.5) now makes it possible to write eqution (2,2)
as the equation for the distribution function fa' However
this equation will also contain an initial correlation
function, which will cause it to differ substantially from
the usual kinetic equation.

If we investigate steady-state processes taking place
in a time considerably exceeding, for example, the character-

istic time of collision, then to may be assumed equal to

-o» , and the initial correlation function gig) may be

disregarded., Then:

0
gaB(ra,rB,pa,pB,t) = - r dv{Fg a(rﬂ_ra +(vB'—va)r;vB;va)
2 Ov:é
fa(ra+var,p“,t+r) = - e T - fB(rB+vBt,pB,t+r) +
Pg Pp B
+ Fa’B(ra-rB+(va—vB)T;va;vB) fB(rB+vBr,pB,t+T)
d oV, d
= — T 7] f (ra+VOLT,pa,t+T) (2.6)

OpOL 6pa or o
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In substituting expression (2,6) in the left part of

equation (2.2) the fact should be taken into account that

our treatment is inaccurate in conditions in which the

particles approach each other to
energy of interaction becomes no
with their kinetic energy. This

in the appearance of logarithmic

of T .

let us limit the region of interaction to *

distances at which their
longer small in comparison
inaccuracy is manifested

divergence for small values

Therefore below in integration with respect to

. e After all
min

the foregoing we may write the kinetic equation sought in

the form

of - of . 1= of
——_—.at + va 3-;— + ea {E + -E[B-]} - = G(X (297)
ol op
103
where the collision integral Ga has the following form:
,,NE 3 0
8 = _E_. -3 g"—l J\ dedrBF(x,B(ra—eravB) [ dr
p
B a )
rd - -
Fﬁ,a(rﬁ ra+(vB va)r,vﬁ,va) fa(ra+var,pat+r)
ov
aj - E v 2 fB(rB+vBr,pB,t+r) +
a a d
p pB' TB
v d -
+ Fa,B(ra rB+(VB+Va)T’VQ’VB) fB(rB+vBr,th+T)
ov 3
3 - 3T T fa(ra+vaT,pa,t+T) (2.8)
Ip dp dr
a o o
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in the relativistic case for processes with weak spatial
inhomogencities, when we may disregard the dependence of

the distribution functions in the collision integral on

the coordinates, and also for sufficiently slow variation

in time the collision intlegral (2.8) becomes the correspond-
ing expression of the study by Beliaev and Budker7. Here the
distributions must vary weakly over distances of an order

of the Debye radius and during a time of an order of the
period of the plasma oscillations.

It is not difficult to proceed somewhat farther and take
into account the effect of the self-consistent field on the
collision of the particles, considering this effect as a
correction effect., For this let us obtain the correction
to the correlation function, retaining in equation (2.3)
terms with a self-consistent field, without considering that
the function accompanying them has the form (2,5)., Then
for the correction to the correlation function in the case

of steady-state processes we obtain:

t
6gaB(ra’rB’pa’pB’t) = - J dt‘(ea{E(ra+va(t'-t),t') +
~ @
: Gvi
1 ; - . = 9
+ L Ty, Blrav, (¢! £), ¢} sem w29 6ri} +

x

+ eB{E(rB+VB(t'—t),t') + % [VBB(rB+VB(t'—t),t')]}

Declassified in Part - Sanitized Copy Approved for Release 2011/11/03 : CIA-RDP80T00246A015800460001-6



Declassified in Part - Sanitized Copy Approved for Release 2011/11/03 : CIA-RDP80T00246A015800460001-6

FUR OFFIGIAL [ISE oMLY

2 avé( -t) 21 ¢ (t1-t) (t'-t)
{SB_ - 35 tr-t — 5aﬁ r +v, (t'-t ’rB+VB t'-t),
§ B8 aI‘B
P(X’ 1)B9 1') (2-9)

Formula (2,9) makes it possible to obtain the following

correction term for the right member of equation (2.7):

Xm' NB a i 0
or =) ;_I j dpgdrBFa,B(ra_rﬁ’va’VB) [ dT
B pa -0

e Fj(r +v_ T, t+T) + irv B(xr +v 1 t+T)1j}
ol o o ! c o a!? o o ? :

0
3 Ova 3 . 1 .
{ - - =T E} + e {EJ(r +v, T,t+1) + =[v_ ,B(r_ +v r,t+r)13}
309 apd  ar B B "B c B B B
p p(x a4

2
3 OVB 3

- - - T g (r +v T, r +v_ Tt t-1) (2.10)
p’} Q(X o o ] ’pa’p 3 L4

apg f’vé arB B BB B

llere Sap is determined by formula (2.6), As in the case

of formula (2.8) it should be kept in mind that for suffi-

cicently small values of ra--rB our treatment is inapplicable,
Another accounting for the correction due to the self-

consistent field is based on the variation of the force

acting on a particle o on the part of a particle B ’

which is associated with the nonuniformity of the motion in

the self-consistent field, llere

t

hnte e.c iK,r -r_-v_(t'-t)
. _ a p . r . o TR TP
éla’B(ra,rB,va,vB,t) = (2;;3 f dt! |dKe
—co
AT U por paa
REEE E 5 3 e
vl J7OIIAL BeL Qé%s.}
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[_ sincK(t-t"') {K - M}T'dt”(}iﬁvs(t")) ~

K cl
t

. L | o
- —-}-5 [v“[li,évg(t')q -z coscI\(t—~t'){6vB(t)

Cc

tl
- div [ (lt"(]"\évB(t"))}] , (2.11)

g .
t

where

.12
{6pu b v“(vabpa)} (2 )

1
bp, = e, f dt'{E(r“+v“(t'—t),t‘) + Erva,B(ra+va(t'-t),t')7 }

]
[

-

(2.13)

The corresponding corrcction for the correlation function

is determined by a formula similar to formula (2.6):

O
i T

Agag(ra’rﬁ’pa’pﬁ’t) = - J art OFB’a(rB+vBT,ra+vaT,vB,va,t+ )

)

3 @VE 3
£f (r +v T,/p ,t+T) - - T - £ (r +VBT,pB’t+T) +
O'B dr: arg p b
B

i
dv
- J : T 0 (2.14)
( T i) fa(ra+va yDPoa b )
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As a result we obtain the following correction term to

the right member of equation (2,7):

- N g
B S
Aﬂa = z'fdpﬁdra A 7ﬁif bpa,ﬁ(ra’rﬁ’va’vﬂt) +
B
dAgaﬁ
+ Fa,B(ra—rB’va’vB) fapa (2,15)

In conclusion let us indicate that the kinetic equation
obtained here may be utilized, for example, to obtain the
high-frequency dielectric permeability of a relativistic
plasma in an approximation with respect to e2 higher than

the usual approximation of self-consistent interaction.

§ 1. High-lI'requency Dielectric Permeability of a Plasma,

(1) This part of our communication deals with the
question of the dielectric permeability of a plasma in the
region of high frequencies. Below we shall be primarily
concerned with the region of frequencies in which the vari-
able frequency  considerably exceeds the Langmuir fre-
quency of electrons wLe= VQENez/m e On the other hand
let us consider that the variable frequency is still much

smaller than

2

(nT)E(Zm)_

max [e . e]
i

D =

IFor the description of a plasma in these conditions the

(}/{“;-"i":f T
FGR S7i6i4L u5e o
L
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kinetic equation for rapidly variable processes obtained
in § 1 is suitable. In such conditions for an isotropic
plasma, as is knowna, there is an imaginary correction
to the dielectric permeability which is quadratic with
respect to the number of particles in a unit of volume, whose
dependence on the frequency has the form w—3bt(w/wmax).
BDelow the corresponding réal correction is obtained, which
depends on the frequency according to the law w_? sgn W .,
Finally, a correction is also obtained to the tensor of
dielectric permeability of the plasma in a strong magnetic
field in conditions in which not only the variable fre-
quency, but also the gyroscopic frequency of the electrons
(and ions) is not small in comparison with the Langmuir
frequency of the electrons,

(2) 1In order to obtain the dielectric permeability of
a plasma, let us utilize the kinetic equation for steady-
state rapidly variable processes, In the case of a plasma
in a spatially homogeneous variable electric field L and
a constant magnetic field DB and for spatially homogeneous

distributions, equation (1,6) may be written in the follow-

ing form:

Gfa 1 afa
—-a-%—- + ea(lb + "(; [VaB_]) 6-—1;; =

a 5 o (P Ttt,t,p T,t")
= { dt'{——; Di.(pa,tf,t) - -
' 9 J : arIlt?, t,p,]

- Py
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- ;%I A, (p ,t',t)fa(Pa[tl’t,pa]’tc)} (3.1)
here
-~ N 3U_ _(|r -r_|)
= “B "o "B )
Dij(Pgattyt) = 2 - .rdpﬁdra - fa(Pglt!, t,pg7,t1)
B [04
) ‘
;;I U(xB(lRart"t’pa’ra-] - RBrt',t,pB,rﬁjl) ’ (2.2)
- N U (lr-rl)af(P[t' typ,1,t")
Ai(pa,t"t) = Z —VQ 'rdpﬂdrﬂ aﬁ ia ;3 B J B
5 ory THITREN
ad
a-r-j UaB(Ina[t',t,pa,raW - RB[t',t,pB,rBH) . (3.3)
[0 4

The functions P and R are determined by formulas
(1.4) and (1,5), and €y » m , T, , Vv, , p,  are
respectively the charge, mass, coordinates, velocity, and
momentum of a particle of the oa-type, Qa = eaB/mac is the
gyroscopic frequency, Na is the number of particles of
the type a in a unit of volumej and, finally, Uaﬁ = eaeB/r.

Equation (3.1) is obtained in the assumption of the
weakness of interaction of the particles and therefore is
inapplicable for small collision parameters., In this con-
nection, in integration with respect to the impact parameters
we shall have to break off at Prin * On the other hand,

in equation (?2,1) screening of the Coulomb interaction at

great distances is not taken into account. The inapplica-

x

¥4 i

bt

[ Sstone
s
e-ew

L3

PO UFF i
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bility of equation (2.1) to the investigation of collisions
at large impact parameters may be manifested for sufficiently
slow processes, when it is necessary to break off at pmax'*
(?) Let us investigate first the case of an isotropic
plasma, when a constant magnetic field is absent. Here,
without undertaking the task of accounting for the spatial
dispersion of the dielectric permeability, let us consider
the distributions of the particles as spatially homogeneous.
Then for a slight deviation from the Maxwell distribution
féo) , linearizing the kinetic equation, and keeping in

view that 6fa is proportional to the electric field, which

is assumed to be weak, we obtain

06f e - 3U_ _(lr -r.|)

o (o) _ 9 af a "B
T T Lvafa = }JNB ; T I dedrB - T

B Py Ta
0]
3U (|r ~r +(v -v )r])

[ dv «p o« B« B [ 9 _ .0 .][fio)éfB(pB’t+r)
. Org api Opg

bf (p ,t )Hot]—fgiéi?u (|r - (v -v )Tl])
+ o ‘Pur +T 8 _(%T)é " Vg r. rB+ Vi vB
(e v, + erB,E(t+T)) (2. 4)

* Tet us note that in disregarding collisions the equality
£ (P Te+v,t,p, 1,0, [t+7,t,p v T, t47) = £ (p, Ty t)

obtains, making it possible in the right member of equation
(»,1) to transform the arguments of the functions.
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In the solution of equation (?2,4) let us consider
the collision integral to be small, For the periodic
dependence on time (e—iwt) the fulfillment of the inequality
w >> v is necessary for this, where Ueff. is deter-

eff,

mined below. Then in the first approximation

——

e Ev
6f(§1) =i — fio) (3.5)

Substituting in the right member of equation (2.1) as of

the expression (2.5) we obtain in the second approximation

0

(2) L . 5 N - - i -iwt
5fa = =35 Z NB —3 J‘dpﬁdrﬁ(aua(ra—rs)/ara).[ dr ¢
w 5 ap(x -
- = (0) .(0)
aUaB(Ira rB+SVa VB)TI) r, fﬁ 5£ _ ig) E. (3.6)
o ()2 g Mal

(08

Formulas (2.5) and (3.6) make it possible to find the

expression for the current density

Jj = Z eaNa '[ dpavaéf(x ’ (3.7)
o

and thereby to determine the value of the tensor of complex

conductivity

Y e
TR Y g .
;0ﬁ “is ,“E(ifxf a5+,
At~
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or the tensor of complex dielectric permeability

hitig . |
1

£ . = b R
ij ij "o

For the isotropic plasma in question here these tensors
q

are diagonal and in accordance with formulas (2.5)=--(3.7):

, fid
g‘lmetha Lo i o €« eﬁ
E(w) = 1 - T R -
[ ‘2 2 m o {m mB
N 0o m «p
0 I
N N . max
-inT
_ﬁru rdp dp f(O)f(O) ( dTe 10 j —_dK _
nl . o TR B . (2n)3
- K .
min
kre e i(K,v -v )T
,,_*;_.E o « BT (1.8)
2K
where
. -1 - -
K = P - —_}I__ K = 1 1
max min e@eﬁ ’ min max D
(rD is the Debye radius).

If in the right member of formula (3.8) we disregard

the terms containing positive degrees of the ratio of the

mass of the electron and the mass of the ion, then in the

assumption that there is only one type of ions, we obtain:

2 s) o
e(w) 1 - “Le C WLley V2T (eei) N,
= ) + 1 3 Y 3 Fr{w) , (3.9)

W W - A
\/;1- (nT) 2

v d
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where
[- ]
- dr idioTt). . uT ‘ ﬁg
F(w) = I < © er(T V:?.-E Kmax}'nrf('f v?.m Kmin (3.10)
o
Here
2 3 -t2
Erf(x) = - [ e dt’

is the integral of probability. Keeping in view that

K >> K , and also the fact that these quantities them-
max min

selves are determined with an accuracy to a factor of an

order of unity, formula (2,10) may be rewritten in the

N8 ape 0
CUS LT e ey,

form:
T T
max max
T T
Fw) = F'(0) + iF"(w) = [ §F cosoT + 1 [ SC sin ot
’r 3 T .
min min
(2.11)
where
T 2m K"l N\ /2m -1 -1
min uT max ' max uT min
In conditions in which o << 0o
K .
Fr(o) = tm 2=, F"(0) T — (2.12)
min Le
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The latter expression for F'" leads to a small correction
of the term €(w) proportional to w2 . Therefore we

may spealk of a change of m%e by the quantity Am?e

where

A

2
T .
o Ve (ee )N,
f\,-;; Y

3 “Le
Vm (nT)
Expression (2.10) for F'(w) 1leads to the usual effective
frequency of collisions, making it possible to write for

! 0
the dielectric permeability the following expressiont’()’l .

2 2
W w
Le . Le (0)
f(w) = 1 wg (1 +A) + i '—;'—3-' veff. (’3-13)

where

2
Joy on Yem lee) N, f ur (210
eff, © 73 B Tee T ™D , 3
Ve (w1)2

For frequencies considerably exceeding the Langmuir

frequency of the electron (0 >> mle) , we have from (3.11)

and
Kmax T T
~ ! — e et —_— " — — o
Ft(w) = In TTol sm | F (w) = 5 sgn W (2.15)
y = 1,781 is Luler's constant, Substituting expression (2.15)

in formula (3.9) we obtain
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w W (Y]
)) = £1 4 qiem - 1 - _ie Le () Le
(o) = &' + 48" = 1 5+ 1 3 Veff. 3 W oppSEN O,
w w
(3.16)
where
3
2]
(20)2 (ee )N,
meff. = 1 ’ (3. 17)
3Vm (x1)?
and v(w) has the form familiar from the theory of the

eff,

absorption of radio waves in interplanetary gasq, and equalling

a
Var (ee,)?2N, 3

V(w) _ _L.l‘. 1 1 n ("’T) ("3 18)

eff, — 7 2 o

5 Y 2mleei|
Vm (#T)

The quantity Ueff differs in order of magnitude from
O fp by a large logarithm, Inasmuch as this logarithm is

determined with a certain inaccuracy associated with the

choice of Kmax , the question may arise of the expediency

of retaining a curve proportional to weff. . Illowever, in
actuality, by virtue of the fact that Ueff. makes a
contribution to the imaginary part of the dielectric permea-
bility, and O oEE. , to the real part, the retention of a
member proportional to Woff, is not in excess of accuracy,

It is necessary to note an important difference in

the correction to the real part €(w) in the region

w << w and in the region o >> w . Although in the
Le Le
AP e
IS T Com
FOR 270 HeE Py
IR |
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second casec the absolute value of the correction is

smaller than the value of the correction in the first
(Low-frequency) case, nevertheless in the region o >> O o

a new dependence on the frequency arises, which in principle
nmakes it possible to find the corresponding correction,

The complexity of finding it is associated with the neces-

sity for the fulfillment of the condition

2
(uT)gm
i

DO b=

w << -—l———ee-:-r——

Here, for example, in the expression for the refractive

index
mz m4 wz W m6
~ Le 1 Le 1 Le eff. 1 Le
= an ~ - s € _ L s E-. o
n= V&I =l 002 gk 2 i 6 7 6 (3.19)

the third term (Nw—q) will always be larger than the
fourth, proportional to m—3 . Therefore the correction
obtained may manifest itself only with the determination of
the refractive index as a function of the frequency with
extremely great accuracy. Let us indicate that the fourth
term of the right member of formula (3.19) is, on one

hand, smaller than the third, and on the other hand, larger

than the fifth, For the condition

111 2 -2
N (wT)%m 2 << o << (nT) "
e eei
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This region of frequencies is rather broad, for it is

determined by the inequality

| =

lee. |N
i

[0 IR

<< uT,

(&4) Let us turn now to the investigation of a plasma
placed in a constant magnetic field. In this case the
linearized kinetic equation for a slight deviation from the

Maxwell distribution may be written in the following form

iif— A [v, B "t _ Sa OV y 2 fd dr
ot C apa T o & - [ B apl N pB B
B o
U (lr ~-r_ |)
opB oa ~B ) o o
dri j dT{[;;I Uaﬁ(IRa(T’pa’ra)'RB(T’pB'rp)')]
[0 4 - 00 o

d d (0)
. - - 6f (PO(T,p.),t+T) +
[aPZJ(T’pa) anJ(T’pB)][ 3 B B
) (0) £(0)
,0 0 3
+ bfa(Im(T’pa)’t+T)fB } —?;;;~—~ X

X UaB(le(T,pa,fQ) - Rg(T,pg,rg) 1) X

p
) ° o °s o
x (B(esm, me Ya(Tieg) 5 PO(7,p,) )} (3.20)

llere I° and R® are determined by formulas (1.4) and (1.5),

F{ {?“~{P»§V¢znm Sres
t i }‘ L'JR‘
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if in the latter the electric field is assumed cqual
to zero,
« . . . . . -iwt
For a field depending on the time periodically e
equation (2.20) may be solved according to the theory of

perturbations, assuming the right member of this equation

to be small, if the condition
o™ £ Q
is fulfilled. Below this condition will be considered

fulfilled. Then in an approximation disregarding the

collision integral, we obtain

o f(O)
(1) oo r. =iot
(py,t) = —EZFT— Asr(m’Qa)pthse ! (3.21)
where
2
DsBr i Qa Be iw DsBr—B 6sr

A = {- = - € — - } (2.22)

sr B2 w wZ_Qi slr B wz_Qi Bz

Here esﬂr is a completely antisymmetric tensor, Utiliz-
ing equation (2.21) we obtain the following equation for
the second approximation to the nonequilibrium part of the

distribution function:

(2) (2) £(0) (0)
66f e, aéf
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0
- (II“ - |) —~iwT
X fdr : J are 107 x
5] apt
[§.4 el ]
X {—a"—' Ja ‘IR:::( ,P ,I‘ ) 1p y T )l’}
3pd ap B
a
-e e - .
X L-g A (0,0 ) - B A Aw,0 )Je—lztE (3.23)
m s o4 mB s j B s
In the case of a steady-state periodic process, to be
examined by us, the solution of this equation may be
written in the form:
0 0
(2) : fé 2"
5fa (pa’ I dat! Z.NP IdpB 3T
’ aP (t'-t,p, )
0
ou_(|r -r_|)
~-iwT
rdra BB [areri
* dr’ ’
a -
d o o o 1
— T ! - - T
{drj Uaﬁ(lua( ,part tW,ra) RB( ,pB,rB)l)} X
e e, s .
X [-ﬁ A (0,0) - =2 A (0,0 )] e 1Ot (9.24)
m s o mB sJj g s -

In order to determine the tensor of complex dielectric
permeability let us substitute expressions (2,21) and (~,24)
in formula (2,7) and integrate with respect to the momenta
and the time (t') , Ilere, in particular, let us take into

account that

«©
iot 9 \r -
[ atet®® 2 pT(e,p) = A (0,-0) (3.25)
d
0 o
fn Ao r e
Etcfz‘ e r,;.-\‘:" r, ‘31

¥
,‘{ 'bkl-. ¢ S
wi SEIuiin gab !.u".i.
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Then we obtain
uteiNa yri \ Ca
a,_(<x))=5..+2 AL (0,0 ) - £EEY Zox
iJ ij wm ji a w m
a o
a ap
e

e
a
X - — ) -
Ay (w, Qa)[ - Ajs(m’Qa)

NaNB 2 ° i0T Kmax dix KrKs
X o (hmegep) [ dTe [ 7 T h
) o K (2n)” K
min QT
2 2 2 2 —sin®(—)
«T[ 1 1 1| KB} "2 B“K”- (BK) 2
expi=- 5 |— +* T | ¥§® ~ 2nT +
2 Lm ni 2 2
o B B maQa
Q.7
sinz(—%—)
+ _________]} (2.26)
m 02
BB

Assuming that in a plasma there are electrons and only one
type of ions and disregarding corrections of the order of
the powers of the ratio of the mass of the electron to the

mass of the ion we obtain:

e, . (w) = s??’h)+ 66??)+ 6s€b) (2.27)
1] 1] 1] 1J
(0,h) e . .
where bij is the hermitian part of the tensor of dielectric
permeability obtained with complete disregard of the

collision integralj

2 2
com_ g e By Wt Te L] ag
.. = b, . >
1J 1J w“ B2 Oe wz—Qz wz-Qi BZ
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2 2
iw [ Qe Qi Bf ( 8)
) ,
4 — i- - :] ) R . ——'} 3.2
Q. 02-02 w2-q” jii B

(h)

and be | é)
i

J

antihermitian parts of the tensor of dielectric permeability

and éﬂi are, respectively, the hermitian and

arising with the taking into account of the collision integral:

2
B.B
(h) (a) . “Le { i 1
be, . = be. 4 b .20 3 =2 ESN . ; }
ij ig v %ig T T Yere 1T 2 Fylu) + [rp(0)+F, (o) IT,
(2.29)
where
2 2
i Eiﬂ: e B![ Qe _ Ql ][ Qe _ Qi ] _
ij = o2 gie BL 2 2 T 2_2dliaToz T aTn
e e e i
2 B,B,-6, B> _ __ Q Q, -2 02 Q% 2
0® i "dij {wu[ e i ] . [ e _ i J }
) 02 B2 wz Qz mZ-Q? m2~Qz wz-Qg
e i e i
The functions Fl and F2 are determined by formulas:
® +1 2
F_(0) = 3 I dre*®* r ———255———{Erf(K \/ﬁl Vw(x,f)) -
1 n . max V 2m
0 -1 Vo (x,1)
-Erf{K . \/iI Vm(x,r) )} , (3.30)
min Y 2m
® +1 2
Po(0) = 5= | arai®? I dx(1-3x l{Erf(K y%l Vm(X.T)) -
2 2n , maxy «<m
o (x,7)
o -1
K nT ] )} ('30 l)
cere(x VAL Ve G0 3.3
where
QT Q.t
o o o [Sin (==-) n sinz(—%—)
m
o(x,t) = (1 - =) x“t° + 4(1-x7)| —— - — ]
’ my 02 mi Q2
e i
(3.32)
NN U LT
[N R U

Declassified in Part - Sanitized Copy Approved for Release 2011/11/03 : CIA-RDP80T00246A015800460001-6



Declassified in Part - Sanitized Copy Approved for Release 2011/11/03 : CIA-RDP80T00246A015800460001-6

-0~

llere the rcal pavrts of the functions Fl and F2 make

a contribution to the antihermitian part of the tensor of
dielecctric permeability, and the imaginary parts, to the
hermitian part.

For frequencies much larger than the electron gyro-

scopic frequency (v >> IQeI):

((l)) =

EYhb)

" F(w) and, F?(w) ~ 0O (2.237)

Therefore in the region of these frequencies, and also

w o> W, we have
ie

B.D.

w
> = __;i_g' | (w) - {..2;_..:1 . 1 a a!
be . . = Ti v er. weff.W 3 v Tij (2.24)

1f it should be found that o and Qe << w, then 6¢.

Le ij
Lo . 0 .
would have a similar form, while Vép% should be substituted
i A
: (w) . :
in the place of Ueff. , and the guantity AmLc , in the
place of o . Below let us considexr the variable fre-

et f,
quency to be greater than the lLangwuir electron frequency.
This, in particular, makes it possible in formulas (2,30)
and (2,71) to assume Rmin = 0 , Let us investigate first
the hermitian vart of the correction to the tensor of
dielectric permeability, for which we investigate the imagi-
nary part of the functions Fl and Fz . Let us note that

inasmuch as the integrand of the correspounding imaginary

parts do not have singularities for small values T , in
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the formulas for them one may assume Km < equal to

[

infinity, Therefore, considering Q < 0 , we have:
’ o]

o]

1 [ Jdf . 20 1
T f 7 sinl§ ]QﬂI) {1~w(f)
o )

=
—
g
~
i}

1

() o, 1 l‘w(ﬁ)} (3.15)
. w#“?ﬁ 1,15
5 v (%)

Fri-v(e)1
) £20

frn) = 3 [ 4 e, a2,
LTS 2 Vi w5)

2 1+ V1- w(§)
L3 wey] o b (3.30)

where
2 m, e,
.2 e i .. 2, i m
sS1in 5 + _E 1; s1in (7; ET §)
ei i

(1 0+ ()52
1

In order to obtain relatively simple formulas let us
analyze some extreme cases, considering still, however,
that the gyroscopic frequency of the electron and the

variable frequency are small in comparison with

o _ (1T)“m ©
max Ieeil

)
DO

The case of the largest frequencies ® , when the magnetic
field has no effect on the collisions, corresponds to formu-

las (2,27) and (”2.34), Therefore let us assume further that

i F

AR IS I FEELE B AT A 11!
Ul OV senn i 3l S
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lQel >> o . With the fulfillment of this inequality the
main contribution in integrals (2.15) and (3.36) is made
by the region é >> 1 , in which ¥(€) is small in com-
pafison with unity. Three regions of large values of §

should be distinguished, These,firstly, are the region

in which

2
w(z) 3 802 (3.18)
g

Secondly, the region determined by the inequality

m, em,
- P
m > e.m
i
in which
.~ m
v(g) = & (3.29)
i
em,
Finally, & > ‘E—E. , for which
1 e my 2, i m
(%) :_E—E —= 8in < £) (?.40)
-3
=" e,
i

eeping in view the smallness of ¥ (F£) we obtain immediately

from formula (3,725):
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q
ol = -
Pl(w) = 5 sgn o (3.41)
The matter is somewhat more complicated in relation to the
function Fg(w) « Here, in accordance with the three

regions of the values of & and the corresponding values

of the functions V¥(§) , we have:
3 Ye m

DRM o m —_— — s

Fz(w) = In l<° sgn W , IQel m << w <L IQeI (3.42)
a 4mi m

o3l - 4 —_— W/—"

rz(w) = E[fm — 3] sgn v , 0, << o <L IQeI s (3.4%)

Fi(0) = = 4 Qi“\/mi << 0 (3. k)

slw) = 5 fm | = — ] sgn o , i 3, 4

Formulas (°,29) and (3.41)--(3.44) make it possible to write
the hermitian part of the correction to the tensor of com-

pPlex dielectric permeability in the following form:

2
w, weff, B.B.
pe M) (y) - -2 Le seno{—5d 4 e | 2|11
ij 2 3 2 w 1J
N B
m
a_| W/E < e << la ], (3.45)
(h 2 YieVers PiP; 1oar,
be Moy = - 3 ZLeeffe o f i, gl 1, T 4]}
ij 2 3 2 iJ 2 m ’
W B
m
Q, << o << lQel o ’ (3.46)
1
00 ACTINIG Ber auy
Fun Uriicipt ‘i:gg' Giik
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) W B.B.
55‘,?}.’)((0) - 2 Zle eff, sgnw{_.{_l + ™ tn
ij 2 Bz J

Q. fm,
_}_'\/__i }
W m' !

!
w << Q) (3.47)

2 i

Let us proceed now to an investigation of the antihermitian

correction, First of all let us note that, as in the in-

vestigation of the imaginary part of the function Fl and
F_ , in the real part of the function F2 we may assume
K = o , Then TI_{(w) assumes a form analogous to

max 2

expression (?,26) only with the difference that a cosine

appears instead of a sine, Therefore for v << Qe we have:

o]
? d§ 20 { I }
QB = 5= — T =){im - 1 2.48)
]2((0) SN '[‘ F\ COS ( 9] ) WE—T 2 (J
e
1
In accordance with formulas (2.28)--(2,40) we obtain from
formula (2,48):
in

| — << o << j |l (3.49)
e mi e

i}

. -2
e ol I

Fé(w) 5
e

a Q 4mi 1 m, 2
P _e_ 1 - 1
SRR PR W TR
0. << o << o | \[= (3.50)
1 e m,
1
3 Qi 2 Qi ml ) ml °
rglw) =‘z"n‘{f‘” 76‘) HRl il Bl ("“T{ }
w << 0y (2.51)

e
o
asy
P
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In the expression for Fi(m) one cannot assume K = o,
max
. llowever, keeping in view the fact that for T << l/Qe the
integrand of formula (13,30) does not depend on the magnetic
field, we may write the following formula for Fi(w) , suit-~
able both in the case o >> Qe
1 . )
2 df 2w 3 f dg 20
Ol ) - — i - . [
Fi(w) = 3 I ¥ cos (Q §) + % ) ® cos -3 (2.52)
£ £ 70
g 1 2
min
where
e ) Vam IQzeeil
“min a2
(xT) 2
In particular, for the case with which we are now concerned,
we have:
3
2 Q
£
F1(0) = 2 tn (xT) b Doam |2 (1.5%)
1 T \[—- T 2w
2m ]Qzee
Now by means of formulas (2,29), (2.49)--(2,51), and (3,53)
we may write the following expression for the antihermitian
part of tensor of complex dielectric permcability
B.B
(a) . { i j (Q)
e = 2
ij ((1)) 1 Bz [-Veff.”' 6UH ((U)-l +
* 1 Q) mie
" foRt) }—-——- 2, l}
+ Tij [ueff. + L_L(w)] 5 (2,.54)

7 OFHCIAL BSE oy
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where
o 2
¢ o Varn (ee )N, oy 2
Verr., = 7 7 . — s (3.55)
¢ : 5 Y \/2m |Q ee.
Vln (uT) e 3
V2ﬁ (eei)zNi Qe
6v|ﬁm) = 2 5 Lo 3ol (.56)
Vm (MT)2
Qe 2 m
[ =21 10, E; <<w<<lal, (2.57)
hyn, 0 1 m, o
Mn —2 =17 g |-2| = £t =1
Vaw (ee N, Sl BT e
v (w) = = M-
| 2 m
- 5 Q. << w << |Q | —_, (13.58)
Vm («T) 1 € my
Q m { m,
i-2 i i 3 _iiq2
R R Ll
w << Oy (2.59)

A comparison of formulas (2.54)--(3,59) with formula (3.3k)
makes it possible to say that in the case of strong fields
we may speak of two effective frequencies of collisions,

or what is the same thing, of two times of relaxation,*

* Formula (20) of studyll may be regarded as an interpolation
formula, giving in extreme cases formulas (2,18) and (3.55)
of the present study, For o ~ Q the approximate kernel
of the collision integral, corresgonding to formula (17)
of studyl gives a poor approximation.
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Formula (3.57), if in it o ~ w ., 1is assumed and the
leading term is retained, together with formula (2,55)
leads to an expression for the transverse time of relax-
ation determining the coefficient of electron-ion diffusion
across the magnetic fieldll.

In all the formulas of our article it was assumed that
the maximum frequency (wmax) is determined by the inappli-
cability of the theory of perturbations, If, however, this
is not the case, and the inapplicability of our formulas in
the region of small impact parameters of the collisions
will be determined by quantum mechanic effects disregarded

in obtaining the kinetic equation (1), then (uT/h) should

be taken as W .
max

FOR GFHIGIAL BSE ConLy
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